). An interaction between a C-terminal domain of P2 and an N-terminal domain of P3 is essential for transmission. Purified particles of CaMV are efficiently transmitted only if aphids, previously fed a P2-containing solution, are allowed to acquire a preincubated mixture of P3 and virions in a second feed, thus suggesting a direct interaction between P3 and coat protein.
Cauliflower mosaic virus (CaMV), the type member of the genus Caulimovirus, is transmitted between host plants by several aphid species in a noncirculative manner (for a review, see reference 18). It is characterized by icosahedral particles, 50 nm in diameter, and a genome of double-stranded circular DNA (8 kbp) which is replicated by reverse transcription of a pregenomic 35S RNA. The DNA codes for six proteins which are believed to be independently expressed from the polycistronic 35S RNA and the monocistronic 19S RNA (for a review, see reference 19) . Proteins P1 (40 kDa) and P2 (18 kDa) are involved in virus cell-to-cell spread and in transmission by aphids, respectively. P4 (57 kDa) is the precursor of four Nand C-terminally truncated forms of the protein with molecular masses of 42, 39, 37, and 35 kDa, whereas protein P5 (78 kDa) has aspartate proteinase and reverse transcriptase activities at its N and C termini, respectively. P6 (62 kDa) is the major component of viroplasms. It has been reported to activate the translation of the 35S RNA (4) and to influence host specificity and symptomatology (21) .
CaMV P3 protein (15 kDa) , encoded by open reading frame (ORF) III, is a small basic protein (129 amino acids) organized into two functional domains located towards the N and C termini. Both domains are required for CaMV infectivity (13) . The C-terminal region contains a short lysine-and proline-rich domain that binds DNA and RNA in a sequence-nonspecific manner (11, 17) . The N-terminal domain can be folded into an ␣-helix secondary structure which can form coiled coils that allow tetramerization of P3 in vitro (14) and in vivo (23) . Recently, it was demonstrated that the 30 N-terminal amino acids of P3 interact specifically with the C-terminal region of CaMV P2 protein and that P3 represents a second CaMV factor of transmission by aphids (15) . This finding provides a solution to the long-standing question of why aphids previously fed a P2-containing solution (P2-loaded aphids) are able to transmit nontransmissible isolates of CaMV from infected plants, or crude extracts thereof, but not from highly purified virus preparations (2, 15) . The transmission of purified CaMV by P2-loaded aphids has been shown to be efficient only when P3 is preincubated with virions. The P3-binding domain was mapped to the C-terminal 60 amino acids of P2, precisely matching the domain previously thought to interact with the virus particle (20) . A possible interpretation of this finding is that P2 does not interact directly with the viral particles but instead binds to the particle via the bridging action of P3, which is thus predicted to interact directly with the CaMV coat protein (CP).
In the present study, we have investigated the capacities of P3 and P2 to interact with the viral particle and/or unassembled CP. We have demonstrated that P3 interacts specifically with both purified CaMV particles and CP. The domain of P3 involved in this interaction was mapped between amino acid residues 61 and 122, downstream of the P3-P2 interaction domain but overlapping the nucleic acid-binding domain. The ability of P3 to bind virus particles was shown to be of functional importance since its disruption correlates with the loss of P3 activity in transmission by aphids. We have also established that P2 can interact with the virus particle only in the presence of P3, thereby confirming that P3 is a pivotal transmission factor that acts as a bridge between P2 and the CaMV particle.
MATERIALS AND METHODS
Cloning of CaMV ORF III and ORF IV. The complete ORF III and deleted versions were excised from CaMV strain Cabb-S, cloned into the SalI site of pBR322, and inserted between the NdeI and CelI sites of the procaryotic expression vector pET-3a (15) . CaMV ORF IV was obtained by PCR amplification of DNA of strain Cabb-B JI cloned into the SacI site of pAT-153 (8) . The oligonucleotides used as primers were the following: 5Ј CGTTCGCATATGGCCGA ATCAATTTTAGACAGGACC 3Ј and 5Ј TCGGGATCCGAGCTCTCAGTCTGA GTCTGGAGTCTTCAGAAGT 3Ј as forward and reverse primers, respectively (nucleotides in bold and italics correspond to the NdeI or BamHI site and to the ORF IV sequence, respectively). PCR products were cloned between the NdeI and BamHI sites of vector pET-3a in frame with the ATG initiation codon present in the NdeI restriction site. The construct was confirmed to be error free by sequencing.
Expression of CaMV P3 and P4 proteins in Escherichia coli BL21/DE3(pLysS). P3 and its different versions were produced and semipurified as previously described (11) . Expression of the precursor of CP (preCP) in E. coli was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 2 h. Bacteria were collected by centrifugation, resuspended in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 12 mM MgCl 2 , and lysed using a French press. After centrifugation at 10,000 ϫ g for 5 min, inclusion bodies were resuspended in 0.5 ml of the same buffer and frozen at Ϫ20°C. The suspension of inclusion bodies containing P4 was diluted in 1 volume of 1 M NaCl and vigorously mixed before being used as an overlay in far-Western assays. P2 was produced in sf9 insect cells via a recombinant baculovirus as described previously (2) .
Western and far-Western experiments. Different forms of the CP from purified virions (10 g) and P3 or P2 protein (2 g) were separated by 18% polyacrylamide gel electrophoresis under denaturing conditions (sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]) and transferred onto a nitrocellulose membrane (Schleicher and Schuell). Western and far-Western assays were performed as described previously (15) , using rabbit antibodies raised against P3 (diluted to 1/10,000), P2 (diluted to 1/5,000), or the 37-kDa CP (diluted to 1/10,000). Secondary antibodies were goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase, diluted, and used according to the manufacturer's instructions (Sigma). For each experiment, the same blot was separated into strips in order to test the various lanes with different overlays. The immunological reactions were done under strictly the same conditions. Virus purification. CaMV virions (strain Cabb-S) were purified as described previously (10) , with an additional step of cesium chloride gradient centrifugation at 200,000 ϫ g for 16 h.
Transmission assays. CaMV strain Cabb-S, used for transmission testing with Myzus persicae, was propagated in turnip plants grown under greenhouse conditions (20 to 23°C, photoperiod of 16 h). Transmission assays were performed as previously described (2) . In a first feed, aphids were allowed to acquire P2 (0.5 g/l) through a Parafilm membrane, and in a second feed, they were allowed to acquire purified virions (0.1 g/l) mixed with wild-type P3 or a derivative. The latter were partially purified from recombinant bacteria (11) . Aphids were then transferred onto healthy plants (10 aphids per plant), and symptom appearance was noted 3 weeks postinoculation. Transmission of wild-type and mutant P3 was tested in two or three independent experiments with 40 plants each.
RESULTS

CaMV P3 is able by itself to interact with virus particles.
Very small amounts of P3 have previously been found to copurify with CaMV particles (7) . To determine whether CaMV P3 protein interacts directly with virions, far-Western assays were performed with P3 produced in E. coli and partially purified by heat treatment of the bacterial extract. After fractionation by electrophoresis in a polyacrylamide gel under denaturing conditions (SDS-PAGE) and transfer onto a nitrocellulose membrane, P3 was tested for its capacity to bind to purified virions of CaMV strain Cabb-S, which was used as an overlay. Detection with polyclonal antibodies raised against the 37-kDa CP (anti-CP), a major capsid component, revealed a single band at the position of P3 as identified by Western blot analysis ( (Fig. 1B, lane 3ϩ) . These results show that preCP is also able to bind to P3. The relative faintness of the band obtained with preCP, compared to that observed when virions were used as the overlay (Fig. 1A , lane 2ϩ), might be due to the reduced amount of soluble preCP present, since this viral protein aggregates when expressed in E. coli (5) . Moreover, a lower affinity of preCP for P3 cannot be totally excluded.
Whether P3 interacts preferentially with one or more of the different capsid protein forms (Fig. 2 , lane 1) was also investigated by far-Western assays. Purified CaMV virions were fractionated by SDS-PAGE, and the proteins were revealed by Coomassie blue staining or electrotransferred onto a nitrocellulose membrane. Staining of the polyacrylamide gel displayed a major capsid protein of 37 kDa and three minor components of 42, 39, and 35 kDa but not preCP. The presence of preCP and the proportion of its processed forms depend on the CaMV preparation. When the membrane was incubated with (Fig. 2 , lane 1) rather than a differential affinity of P3 for one of the capsid proteins. The specificity of P3-CP interaction was confirmed by the fact that under the same conditions P3 did not bind to the 20-kDa turnip yellow mosaic virus CP (Fig. 2, lane 4) or to the tobacco mosaic virus or beet necrotic yellow vein virus CP (not illustrated). As P3 and CP are able to bind RNA and DNA in a nonspecific manner (5, 13, 17) , far-Western experiments were also performed using as the overlay partially purified P3 treated previously with RNase and DNase. Such treatment did not suppress the P3-CP interaction, excluding therefore the possibility that the latter is mediated by nucleic acid fragments (data not shown).
The interaction between P3 and unassembled CPs is of double significance since it demonstrates that (i) P3 interacts directly with the CaMV CP and no additional plant or viral factors are required and (ii) P3 probably recognizes a specific sequence and/or conformation of the unassembled capsid protein.
P3 is required for the association of P2 with CaMV particles. The capacity of P3 to interact with both P2 and CaMV particles suggests that P3 serves as an intermediate in the association of P2 with the virus particles. To investigate this possibility, P2 was produced in insect cells using the baculovirus expression system, fractionated by SDS-PAGE, and blotted onto a nitrocellulose membrane. Strips were incubated with purified CaMV virions that had been either preincubated or not with P3 for 4 h at room temperature, and then the strips were incubated with anti-CP to reveal interactions. At the P2 position, identified by Western analysis (Fig. 3, lane 1ϩ) , no band was visible when the virus alone was used as the overlay (Fig. 3, lane 2ϩ) , whereas a signal was observed if the overlay was a mixture of purified virus particles and P3 (Fig. 3, lane  3ϩ) . When the P2-P3 complex was probed under the same experimental conditions with anti-CP, a faint band appeared, indicating that these antibodies slightly cross-reacted when P3 was used as the overlay (Fig. 3, lane 4ϩ) . However, the low intensity of the cross-reaction signal compared to that observed in Fig. 3 (lane 3ϩ) suggests strongly that P2 is unable to interact directly with CaMV in the absence of P3. To confirm this conclusion, we tested the capacity of P2 to interact with CaMV capsid proteins fractionated by SDS-PAGE and blotted onto a membrane in the presence or absence of P3. As shown by staining of the gel, the CaMV capsid preparation consisted of preCP (57 kDa) and of the 42-, 39-, and 37-kDa capsid protein forms, the last two being the predominant components (Fig. 4, lane 1) . When P3 was used as the overlay, anti-P3 antibodies revealed bands at the positions of the capsid proteins with intensities proportional to their amounts, thereby confirming that P3 interacts with preCP and its processed forms (Fig. 4, lane 2) . As already observed (Fig. 2) , anti-P3 did not react with the capsid proteins (Fig. 4, lane 3 ). An interaction between P2 and the capsid proteins was revealed with anti-P2 when the blot was incubated with P3 for 4 h before the addition of P2 (Fig. 4, lane 4) . The slight signal observed when the membrane was incubated with P2 alone (Fig. 4, lane 5) was not due to an interaction of P2 with the capsid proteins, since it was also observed in the control experiments performed with either P3 or mock bacterial extract as the overlay (Fig. 4, lanes  6 and 7) .
Taken together, the results indicate that P2 is not able by itself to interact with virus particles and that P3 is likely to ensure a bridging function, allowing formation of a P2-P3-virion complex which is absolutely required in at least one step of the aphid-borne transmission process.
Mapping of the domain of P3 which interacts with virus particles. A series of P3 derivative mutants with either internal or C-terminal deletions (Fig. 5A) were tested for their capacity to bind virions in far-Western assays. Equivalent amounts of P3 mutant proteins were used, as shown by Western blotting performed with anti-P3 antibodies (Fig. 5B, top) . The faint bands corresponding to polypeptides of lower molecular masses may represent degradation products of P3 recombinant proteins. Twenty-amino-acid deletions in the N-terminal half of P3 (mutants P3⌬1/20, P3⌬21/40, and P3⌬41/60) did not affect its capacity to bind to CaMV particles, nor did the removal of four (P3⌬126/129) or eight (P3⌬122/129) residues at the C terminus (Fig. 5B, bottom) . In contrast, internal deletions located between amino acids 61 and 118 either totally abolished the interaction between P3 and purified virus (mutants P3⌬81/100, P3⌬101/110, P3⌬112/129, and P3⌬118/129) or drastically reduced it (P3⌬61/80). The inability of mutants P3⌬81/100 and P3⌬101/110 to interact with virions reinforces the conclusion that neither RNA nor DNA is involved in vitro in the formation of the P3-virion complex, since these mutants still possess the nucleic acid-binding domain. None of the putative degradation products was able to interact with virus particles. We conclude that the virion-binding domain of P3 is located in a 60-amino-acid region spanning most of the Cterminal half of the sequence (amino acids 61 to 122).
Interaction between P3 and CaMV particles is required for transmission by aphids.
All the P3 deletion mutants were tested for the ability to allow transmission of CaMV by aphids. The insects were first fed baculovirus-expressed P2, then fed each of the different P3 mutant proteins mixed with purified CaMV particles, and finally transferred to turnip plants. Results of the transmission assays are presented in Fig. 6 . Comparison of the results in Fig. 5 and 6 shows that the capacity of P3, except for mutant P3⌬1/20, to interact with CaMV particles correlates with its activity in transmission by aphids. Deletions in the C-terminal part of the P3-virion interaction domain (mutants P3⌬101/110, P3⌬112/129, and P3⌬118/129) completely abolished CaMV transmission, whereas removal of sequences in the N-terminal part of the domain (P3⌬61/80 and P3⌬81/100) reduced the transmission rate to 3 and 7%, respectively, of that obtained with wild-type P3. Based on these data, the sequence of P3 between amino acids 101 and 122 appears to be the core interaction domain for transmission. Deletions of sequences flanking this domain (P3⌬41/60, P3⌬61/80, P3⌬81/100, P3⌬122/129, and P3⌬126/129) attenuated transmission but did not inhibit it entirely.
As expected, although mutant P3⌬1/20 was perfectly capable of interacting with CaMV particles (Fig. 5) , its activity in transmission by aphids was nil due to the absence of the P2-binding motif located mainly in the deleted sequence (15) . More surprising was the relatively high transmission rate (53% of that obtained with wild-type P3) observed when P3⌬21/40 was tested. Indeed, in a previous study it was observed that the removal of amino acids 21 through 25 was sufficient to totally abolish transmission because these five residues are part of the P3 N-terminal leucine zipper predicted to interact with P2 (15) . This apparent discrepancy may be explained by different TRANSMISSION OF CaMV BY APHIDSstructural effects associated with each of the two deletions and is further discussed below. Mutant P3⌬61/80 was of particular interest because the deleted sequence affects only transmission, whereas all other regions of P3 (except for residues 126 to 129) are required for both transmission by aphids and infectivity. Indeed, CaMV that encodes such a mutated P3 conserves its capacity to systemically infect turnip plants after mechanical inoculation, in contrast to virus that harbors deletions anywhere else in ORF III (13) . This allowed us to test the plant-to-plant aphid-borne transmission efficiency of the corresponding CaMV mutant (Ca⌬61/80). Aphids were fed directly on turnip plants infected with either Ca⌬61/80 or wild-type CaMV. Under our experimental conditions, Ca⌬61/80 was transmitted by aphids with a reduced efficiency (42%) compared to that obtained with the wild-type virus (91%). Thus, the effect of the ⌬61/80 deletion on P3 activity in transmission by aphids is much more drastic in vitro than in vivo, since little transmission (3% of that with wild-type P3) was observed when P2-loaded aphids were fed a bacterial extract containing P3⌬61/80 and purified CaMV particles (Fig. 6 ). This might be due to the fact that the conditions for the formation and/or the stability of the transmissible complex are less favorable in vitro than in vivo. Nevertheless, the result obtained in vivo confirms the importance of the P3-P4 interaction domain in forming the viral transmissible complex. This represents the first report of a viable CaMV mutant affected in aphid-borne transmission by alteration of an ORF other than ORF II.
Taken together, these results indicate that the transmission of CaMV by aphids requires interaction between P3 and the CaMV particle and that P3 plays a pivotal role in the formation of a CaMV complex that is transmissible by aphids. Any deletion that weakens this interaction is detrimental to efficient transmission of the virus.
DISCUSSION
Transmission of CaMV from plant to plant by aphids requires the assistance of two viral factors, P2 and P3. In this study, we demonstrated that P3 is able to bind directly to CaMV particles without the mediation of an additional factor and that there is a correlation between the capsid-binding properties of P3 and its activity in aphid-borne transmission, since deletions in the P3-virion interaction domain abolished CaMV transmission.
The domain by which P3 interacts with CaMV or unassembled CPs was mapped to a large region between residues 61 and 122. This domain is distinct from the N-terminal P2-P3 interaction domain (residues 1 to 30) but overlaps the nucleic acid-binding domain at the C terminus of P3 (residues 112 to 122). Recently, a counterpart of CaMV P3, the P2 protein of rice tungro bacilliform badnavirus, was also demonstrated to bind to the CP through its C terminus (9) . Moreover, this region of rice tungro bacilliform badnavirus P2 is also able to interact in vitro with nucleic acids in a nonspecific manner (12) .
Interaction of P3 with virions probably involves a specific sequence and/or conformation of CP since P3 binds directly to the preCP expressed in bacteria and to its processed forms extracted from purified virions. However, the recognition of a quaternary structure of the capsid (i.e., capsomers) is not completely excluded, as oligomerization of P4 immobilized on the membrane in far-Western experiments could occur at the renaturation step preceding incubation with P3. The domain of P3 which binds to virions is believed to interact with the N terminus of the CP(s) exposed at the outer surface of the capsid (6) . Similarly, potyvirus helper component HC-Pro binds to the N terminus of the cognate capsid protein (1, 16) for noncirculative transmission of potyviruses by M. persicae (22) .
The results obtained with CaMV harboring P3⌬61/80 transmitted from plant to plant suggest that the C-terminal end of the P3-virion interaction domain (amino acids 101 to 122), which overlaps the nucleic acid-binding domain, might also interact with the CaMV genome. Indeed, when this mutant was transmitted by aphids fed on infected turnip plants, the transmission efficiency was considerably increased (50% of the wild type), in contrast to the transmission observed if feeding was from an artificial mixture through a membrane (3% of the wild type). One explanation for this observation is that the nucleic acid-binding domain allows P3 to be associated through its C terminus with the viral genome during encapsidation, leaving the remaining part of the molecule free for interactions with both P4 and P2. In transmission experiments performed with purified particles, P3⌬61/80 should be unable to interact with the viral DNA already encapsidated. In the absence of such an interaction, formation of the transmissible complex would depend solely on the interaction between the mutated P3 and the capsid, an interaction that was shown to be weak by far-Western experiments. Thus, the inability of exter- FIG. 6 . Efficiency of CaMV transmission by aphids in the presence of different deleted P3 proteins. Aphids were first fed P2 expressed by recombinant baculovirus in insect cells and then fed a suspension of purified CaMV particles (Cabb-S) mixed with a bacterial extract containing wild-type P3 or a deleted version of P3 (⌬1/20 to ⌬126/129). Next, they were placed on test turnip plants, and the percentage of plants developing symptoms was determined 3 weeks postinoculation. The relative transmission efficiency in the presence of each P3 mutant was calculated by taking the value for wild-type P3 as 100%. On average, 51% of the turnip plants were infected when assays for transmission by aphids were carried out with wild-type P3.
nally supplied P3 to access and interact with the viral genome in vitro may explain why P3 mediates CaMV transmission in vitro at a lower rate than in vivo. On the other hand, the 50% decrease in transmission rate with CaMV expressing P3⌬61/80 under natural conditions suggests that the region targeted by this deletion nonetheless has a significant role in the formation of a stable transmissible viral complex.
Deletions outside the P3-virion interaction domain had variable effects on the transmission rate. The reduced efficiency of transmission with P3⌬41/60 (67%) does not result from structural modifications affecting interactions between P3 and either virions (Fig. 5) or P2 (15) , since these interactions analyzed separately are strong, but it may reflect the loss of a spacer required for the optimal positioning of these two interaction domains in the transmissible complex. The relatively high transmission rate (53%) obtained with mutant P3⌬21/40 was unexpected, since the deletion introduced into P3 affects a leucine zipper motif between amino acids 4 and 30 which is necessary for the P3-P2 interaction (15) . Indeed, this mutant was unable to interact with P2 when it was tested in farWestern experiments (15) . However, it appears that an ␣-helical region is restored at the N terminus of this P3 mutant because of the presence of another leucine zipper motif (23) immediately downstream of the deleted sequence (M. Bergdoll, personal communication). A possible explanation for the 53% transmission rate observed with P3⌬21/40 is that the newly formed secondary structure in this mutant allows the latter to engage in an interaction with P2 which is stable enough for the transmission of CaMV by aphids but which is disrupted under the ionic conditions used in far-Western experiments.
The most straightforward interpretation of our finding is that CaMV particles interact with P2 via P3, i.e., that P3 acts by creating a bridge between P2 and the virion to form a ternary transmissible complex (P2-P3-virion); however, we cannot strictly rule out the possibility that an initial interaction of P2 with P3 alters conformation of P2 so that it becomes competent to interact with the capsid. If, as appears likely, P3 is located between P2 and the virion in the transmissible complex, P2 is hypothesized to be involved in an interaction with a putative receptor located in the alimentary canal of the aphid stylet. Since the C-terminal part of P3 interacts with the viral capsid and its N terminus interacts with the C-terminal region of P2, P2 could bind via its N terminus to the putative receptor as does potyvirus HC-Pro (3). Schematic models of aphidborne transmissible complexes for potyviruses and caulimoviruses are compared in Fig. 7 . The existence of two factors of transmission by aphids in caulimoviruses, while only one is required for potyviruses, further illustrates the fact that different viruses transmitted in a noncirculative manner by the same insect vector may adopt different solutions to comply with the requirement of the "helper strategy" (discussed in reference 18). Caulimovirus proteins P2 and P3 are encoded by two ORFs separated by only one or a few nucleotides. They might have been originally associated in a single protein equivalent to the potyvirus protein HC-Pro and then have split into two separate proteins to allow P3 to ensure independently its functions during the infectious cycle inside the host plant.
Our tests for transmission by aphids were designed in a way that allowed aphids to acquire P2 first and the P3-virion complex later. The success of these tests is consistent with the fact that P2 can be retained alone in the aphids and can subsequently mediate retention of the P3-virion complex. Testing various combinations in the sequential acquisition of P2, P3, and purified virions will be very valuable for further understanding the mechanisms of CaMV retention in aphid mouthparts and/or its release therefrom and inoculation in a new host plant. 
